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Abstract 
Kitchen waste recovery in Taiwan has achieved 1/3 population equivalent and the characteristics of 
kitchen waste contained high organic substance make it a promising substrate for biohydrogenation. 
However, the hydrolysis of cellulosic biomass is the rate-limiting step in biohydrogenation process. As a 
result, the enrichment of cellulolytic consortia and bioaugmentation are crucial to improve 
biohydrogenation performance. In this study, enrichment strategy and bioaugmentation were adopted in a 
3-L biohydrogen and a 10-L biomethane reactor fed with vegetable kitchen waste and napiergrass. The 
volumetric loading rate was controlled at 20 and 4 kg-COD m -3d -1 with hydraulic retention time of 4 
and 20 day respectively. Influent composition of napiergrass and vegetable kitchen waste was increased 
from 1:1 to 3:1 to enhance the cellulolytic characteristics in enrichment phase. The COD removal 
efficiency in biohydrogen reactor decreased from 10% to 6.4% indicating the refractory cellulosic 
biomass cannot be effectively converted in biohydrogen reactor. Enriched Clostridium sp. TCW1 which 
is an anaerobic-thermophilic bacterium was introduced in the bioaugmentation phase. This study revealed 
that this strain can convert cellulose into acetate and butyrate with up to 90% conversion efficiency. 
DGGE fingerprints also indicated Clostridium sp. TCW1 can sustain in both reactors. 
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1. Introduction 
Kitchen waste was produced in any major city in the world and may cause serious environmental 
problems if not handle properly. However, this organic waste could be a potential substrate for bioenergy 
production. For example, in Denmark, anaerobic digestion and composting are two major ways for 
kitchen waste reusing[1]. According to Taiwan EPA data, recycled KW in Taiwan achieved 2,300 ton/day 
in 2011. The amount is quite substantial, and 75% of the KW is reused as pig-feeding, only 25% is used 
for composting. However, pig-feeding may result in contagious problem and composting with the second 
pollution issue. On the contrary, if anaerobic bioH2/CH4 process was applied, KW could be a promising 
substrate for energy recovery. For resource-limit country like Taiwan, kitchen waste is a potential 
substrate to relieve the energy shortage problem. 
Because of the abundant amount of cellulosic material and the high percentage of carbohydrate in the 
substrate, a lot of attention has focused on the cellulosic biomass as the next generation biofuel 
substrates[2]. Take advantage of the abundant rainfall and sunshine in tropical-subtropical zone, high 
growth rate of cellulosic-based plants can be harvested in Taiwan, which make it suitable for the 
development of bioenergy technologies using cellulosic materials as substrates. Among them, napiergrass 
can be grown on all kinds of terrain in Taiwan. Besides, the growth rate can achieve 275 ton/ha-yr. 
Consequently, if this biomass can be extracted as energy source, it can help to supply part of the urban 
energy demand.  
However, the hydrolysis step is always the rate-limiting step for biological conversion systems and 
affects the availability between hydrogen producing microbes and oligo-sugars. Different kinds of 
pretreatment procedures were proposed to enhance the hydrolysis step while biological conversion was 
the most economical in treating with cellulosic wastes. In this study, the performance of 
biohydrogen/biomethane tank fed with vegetable-based kitchen waste and napiergrass was evaluated and 
an anaerobic cellulolytic bacteria belonging to Clostridium sp. TCW1 was introduced into the 
biohydrogen tank to improve the cellulolytic ability.  
 
2. Materials and Methods 
2.1 Bioaugmentation inoculum-Clostridium sp. TCW1 
An enriched cellulolytic bacterium was adopted in this study to enhance the performance of 
biohydrogen tank. A clone library was conducted to identify the consortia. Universal bacterial primers set 
of 11F (5’-GTTTGATCCTGGCTCAG-3’) and 1512R (5’-TACCTTGTTACGACTT-3’) was used to 
amplify the 16S rRNA gene. The thermal profile used was as described: denaturing hotstart at 95oC for 3 
min, 25 cycles of denaturation (95 oC for 1.5 min), annealing (52 oC for 45 sec), enlongation (72oC for 2 
min) and a final enlongation at 72 oC for 3 min. Amplified PCR products were inserted and transformed 
with TOPO TA Cloning kit following the manufacturer’s instructions (Invitrogen, Groningen, The 
Netherlands). The results revealed that there were only two major species in the enhanced inoculum. They 
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Netherlands). The results revealed that there were only two major species in the enhanced inoculum. They 
were Bacillus thermoamylovorans 9-4AIA and Clostridium thermocellum DSM 1313 and both of the 
identities were 99%. The abundance of Clostridium thermocellum DSM 1313 and Bacillus 
thermoamylovorans 9-4AIA was 61.4% and 38.6% respectively. The microbial phylogenic relationship of 
the enhanced cellulolytic Clostridium sp. TCW1 is shown in Fig. 2.1. 
 
 
 
Fig. 2.1 Microbial phylogenic relationship of enhanced cellulolytic Clsotridium sp. TCW1 used in this 
study. 
 
 
2.2 Two-phased biohydrogen and biomethane process 
 
A two-phased biohydrogen/methane process was constructed to utilize vegetable-based kitchen waste 
and napiergrass to recover hydrogen and methane. This process was operated as semi-continuous culture 
fed three times daily. The working volume for each reactor were 3L (H2) and 10L (CH4). Both reactors 
were controlled at 55oC and pH was set at 5.0-5.5 and 7.5-8.0 for biohydrogen and biomethane reactor 
respectively. Biogas was collected and biogas content was monitored by gas choromatography. A 
schematic diagram of this system is shwon in Fig. 2.2. 
 
2.3 Biogas content and water quality analyses 
 
Biogas collected from both bioreactors was analyzed using a gas chromatograph (Agilent 4890) 
equipped with a thermal conductivity detector (TCD). A 60 cm HP-PLOT Q column was installed in a 
35oC oven. The operational temperatures of the injection port and the detector were all set at 150 oC. 
Nitrogen was used as the carrier gas at a flow rate of 10 mL/min. 
 
Volatile fatty acids were analyzed using a gas chromatograph (Agilent 4890) equipped with a flame 
ionization detector (FID). A 60 cm HP-FFAP column was installed in an 80oC oven. The operational 
temperatures of the injection port and the detector were all set at 260 oC. Nitrogen was used as the carrier 
gas at a flow rate of 2.3 mL/min. 
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Fig. 2.2 Schematic diagram of 2-phased biohydrogen and biomethane process. 
 
The biochemical hydrogen potential (BHP) test was modified from biochemical methane potential 
test[3]. The carbohydrate was determined by phenol-sulfuric method[4]. Water quality analyses were 
conducted according to the procedures described in the Standard Methods[5]. Microbial diversity was 
monitored by denaturing gradient gel electrophoresis (DGGE)[6,7] and primers used in this assay were 
EUB968fGC and UNIV1392R.  
 
 
3. Results and Discussions 
 
3.1 Feedstock characterization of kitchen waste and napiergrass 
 
The feeding stock was collected from the student restaurant in NPUST and the vegetable-based kitchen 
waste was picked out manually as feeding substrate. Because of the cooking style was diverse and the 
seasonal vegetable changed, the characteristics of the feed stock was fluctuated. The characterization of 
the vegetable-based kitchen waste was listed in Table 3.1. The data showed that the content in the kitchen  
 
Table 3.1 Characteristics of vegetable-based kitchen waste used in this study. 
Item Unit Range AVE STDV 
water content % 81.2~91.9 86.7 3.6 
TS g/kg 8~19 13 3.6 
VS %TS 75~92 86 5 
TCOD g/kg 65~139 97 29 
TKN g/kg 0.49~3.15 1.23 1 
NH4+-N g/kg 0.028~0.147 0.061 0.044 
NH4+-N/TKN - 0.046~0.071 0.053 0.01 
TCOD/TKN - - 102.4 36.1 
TP g/kg 1.52~3.44 2.65 0.67 
TCOD/TP - - 36.7 5 
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waste was fluctuated largely. TS and TCOD varied from 8~19 and 65~139 g/kg, respectively. Most of the 
nitrogen compound in the kitchen waste was organic, and the average proportion of ammonia to total 
nitrogen was only 5%. 
 
Napiergrass used in this study was provided by Dr. Yu-kuei Chen from Livestock Research Institute, 
Taiwan and the characteristics were listed in Table 3.2. Napiergrass contained high amount of 
hemicellulose and cellulose, and more than half of the biomass can be converted into pentose and hexose. 
In other words, napiergrass can be a potential substrate to produce hydrogen and methane. The nitrogen 
content in the napiergrass was only about 16 mg-N/g-dry NG. From the characteristics of napiergrass and 
vegetable kitchen waste, combining these two substrates can provide sufficient carbohydrates for 
hydrogen production and limited nitrogen content can relieve the hydrogen consumption effect in 
biohydrogen process. The nutrient compounds required for anaerobic treatment was 5-15 mg-N/gCOD 
and 0.8-2.5 mg-P/gCOD respectively[8]. As a result, the nitrogen content in vegetable-based kitchen 
waste was only 0.75-2.27 mg-N/gCOD but the phosphor was sufficient for anaerobic treatment. On the 
other hand, napiergrass contained 13.8 mg-N/gCOD, which was suitable and can supply the insufficient 
nitrogen content in the vegetable-based kitchen waste. 
 
 
Table 3.2 Characteristics and cellulosic composition of napiergrass used in this study.  
Item Unit    
water content % 10      
TS % 90      
VS % 82      
TCOD mg-O2/g-dry NG 1,160    ± 40 
TKN mg-N/g-dry NG 16      
hemicellulose g/g-dry NG 0.32    
cellulose g/g-dry NG 0.23    
lignin g/g-dry NG 0.26    
protein g/g-dry NG 0.10    
inert g/g-dry NG 0.01    
 
 
3.2 Process operation and performance evaluation 
 
The two-phased biohydrogen and biomethane process was operated in 5 different runs. In the 1st run, 
the process was started up by using vegetable-based kitchen waste only under a volumetric loading rate of 
19 kg-COD/m3-day with inoculum from a two-phased pilot plant fed with kitchen waste in our laboratory. 
5 different runs can be separated into 3 different phases as starting up period in run 1, co-digesting of 
vegetable kitchen waste and napiergrass stabilization period in runs 2~4, and bioaugmentation period 
with Clostridium sp. TCW1 in run 5. The operation papameters and performance indicators were listed in 
Table 3.3 
 
In the starting up period, the COD removal efficiency can achieve 20% and 70% in biohydrogen and 
biomethane reactors respectively. Acetate and butyrate were the main volatile fatty acids accumulated in 
biohydrogen reactor, and 70% of butyrate was converted in subsequent biomethane reactor while only 
39% of acetate was converted. The hydrogen production in this stage was not significant and methane 
production rate was 0.9 m3-CH4/m3/day in this period.  
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Table 3.3 Performance of the 2-phased biohydrogen and biomethane reactors under different operation 
conditions. 
 
 
 
 
In the co-digesting of vegetable kitchen waste and napiergrass stabilization period, napiergrass was 
added in the feeding substrates. The proportion of vegetable-based kitchen waste to napiergrass was 1 to 3 
in terms of COD basis. As the napiergrass was fed into the process, the VSS reduction efficiency was 
decreased drastically from 38 to 17% in biohydrogen reactor and the COD removal efficiency dropped by 
half. Morever, the VFAs accumulation in biohydrogen reactor also decreased by half. Only 570 mg/L 
acetate and 591 mg/L butyrate were accumulated in the biohydrogen tank. Comparing with 1st run, the 
acetate concentration gradually dwindled to 271 mg/L. The hydrogen yield was 16 mole/kg-CODin. 
Though digestion indicators of VSS reduction efficiency and VFAs accumulation were decreasing, this 
process continued in day 237 to 300 to enhance the microbes which can utilize napiergrass. However, as 
the process contiuned, the VSS reduction efficiency and VFAs accumulation decreased further. In run 3, 
the COD removal efficiency was down to 6% only, and hydrogen yield was only 3 mol-H2/kg-CODin. 
Even the methane production rate in the biomethane reactor was decreased from 0.9 to 0.6 m3-
CH4/m3/day. It was generally believed that when digestion indicators were deteriorating, indicating the 
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retention time of organic solids was not enough. Accordingly, the hydralic retention time was increased to 
6 days in run 4.  
 
In run 4, VLR was also decreased with the decreasing volume of influent and effluent in each fed of 
semi-continuous culture. The VSS reduction efficiency decreased to 4% but the VFAs accumulation and 
the hydrogen yield increased, indicating an HRT of 6 days was more suitable than 4 days for vegetable-
based kitchen waste and napiergrass codigestion in biohydrogen reactor. In run 5, enriched Clostridium 
sp. TCW1 was introduced with premixed substrate. Though the VSS reduction efficiency and the COD 
removal efficiency was fair, hydrogen production rate and hydrogen yield can be improved. Furthermore, 
the acetate accumulation increased and butyrate production rose 62% in run 5. After around 60 days of 
bioaugmentation with Clostridium sp. TCW1, the COD removal efficiency increased to 66% and a 0.8 
m3-CH4/m3/day methane production rate was achieved. Since the process was bioaugmented with 
Clostridium sp. TCW1, hydrogen production was improved, and the accumulation of butyrate was 
significantly increased. Besides, bioaugmentation played a positive effect on biomethane performance. 
The COD removal efficiency and methane yield was also recovered. Because Clostridium sp. TCW1 was 
observed to grow better in neutral pH medium, the neutral pH in the biomethane reactor just supplied a 
well-conditioned environment for TCW1 to propagate.  
 
 
3.3 Biochemical hydrogen potential test 
 
In order to evaluate the effect on biohdyrogen tank of bioaugmentation with Clsotridium sp. TCW1, a 
series of biochemical hydrogen potential (BHP) test were conducted under different initial napiergrass 
concentrations. In Fig. 3.1, the specific hydrogen production rate with different initial napiergrass 
loadings was illustrated. From Fig. 3.1, specific hydrogen production rate increased significantly from 
around 4 mL-H2/hr-gVSS to 35 mL-H2/hr-gVSS after the bioaugmentation with Clsotridium sp. TCW1. 
Bioaugmentation of Clsotridium sp. TCW1 facilitated the hydrogen evolution rate in the inoculum. 
Besides, specific hydrogen production rate increased at higher initial napiergrass loading when the initial 
concentrations were higher than 8,000 mg COD/L. Organic loading rate was reported to be a crucial 
operational parameter for biohydrogen recovery fed with kitchen waste[9] and a linear dependence was 
proposed to describe the hydrogen production rate and VLR. In this study, napiergrass was fed as feeding 
substrate and needed to be hydrolyzed before biohydrogenation. Moreover, mix culture with indigenous 
microbes from the vegetable-based kitchen waste was adopted in this study, which may compete 
carbohydrates with Clsotridium sp. TCW1 resulting in low hydrogen production rate under low 
napiergrass concentration. Though the VSS reduction efficiency and cellulose transformation efficiency 
were not improved significantly (data not shown), bioaugmentation with Clsotridium sp. TCW1 can 
improve hydrogen production. Presumably the poor cellulolytic ability in the biohydrogen tank resulted in 
lacking of hydrogen producing bacteria in biohydrogen tank. After introducing Clsotridium sp. TCW1, a 
significant hydrogen production rate can be observed.  
 
The data from the batch test also revealed that high napiergrass concentration was important for 
hydrogen production. Clsotridium sp. TCW1 was reported to be a potential cellulolytic enzymes producer 
[10] and high reducing sugar yield of 0.65 g-RS/g-cellulose can be accumulated. However, when natural 
cellulosic materials like napiergrass or bagasse were fed as substrate, a much lower reducing sugar yield 
of only 0.11 and 0.06 g-RS/g substrate can be achieved from napiergrass and bagasse respectively. These 
results indicating that, high concentration of napiergrass should be utilized for higher hydrogen 
production. On the other hand, from the phylogenic relationship of Clsotridium sp. TCW1 as shown in 
Fig.2.1, the nearest isolate was identified to be Clostridium thermocellum, a cellulolytic microbe with 
cellulosome structure. Moreover, Clsotridium sp. TCW1 was observed to bind with cellulosic materials in  
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Fig. 3.1 Specific hydrogen production rate (SHR) in different initial napiergrass concentrations with 
inoculum from the reactors. A-SHR:sludge taken in the biohydrogen tank in Run 5 with bioaugmentation 
of Clostridium sp. TCW1;  B-SHR:sludge taken in the biohydrogen tank in Run 4 without 
bioaugmentation of Clostridium sp. TCW1. 
 
 
Batch pre-culture in this study, which indicated that cellulose transformation efficiency was largely 
dependent on the hydraulic retention time. However, more research on the growth rate and optimal 
condition of Clsotridium sp. TCW1 and cellulolytic kinetics should be conducted to conclude how to 
sustain Clsotridium sp. TCW1 in the reactor. 
 
3.4 Microbial ecology monitoring in different stages 
 
Bacterial microbial ecology in this process was monitored by DGGE fingerprints. Bacterial universal 
primers of 968fGC and 1392r were adopted to develop the DGGE fingerprints. Fig. 3.2 showed the 
DGGE fingerprint of biohdyrogen tank and biomethane tank. From this figure, the band indicating TCW1 
species did not match any other band in the biohydrogen tank, which indicated that the dominated 
microbes in biohydrogen tank is not Clostridum sp. TCW1. Even when the TCW1 was introduced into 
the process, TCW1 did not show up in the DGGE fingerprint. On the other hand, in the biomethane tank, 
TCW1 band was observed in all samples even before the bioaugmentation. However, the cellulose 
conversion efficiency was indeed slightly increased from 22% to 28% in biohydrogen tank and further 
cellulose conversion efficiency was increased from 42.4% to 48.1% in biomethane tank after TCW1 
bioaugmentation. If the TCW1 bioaugmentation did not significantly change the microbial diversity in 
Run 5, what contributed to further cellulose conversion? 
 
The reasons for this phenomenon may result from the different operational conditions in these two 
reactors. Biohydrogen tank was operated in a low pH value to inhibit the methanogens from thriving, 
which can consume hydrogen and result in zero/low hydrogen accumulation. However, the optimal 
condition for hydrogen production and hydrogen yield of Clostridum sp. TCW1 was reported at neutral 
pH and the cellulose utilization can achieve 99% during the initial pH value from 7 to 8[11]. In this study, 
the pH value in the biohydrogen tank was controlled at 5.5, which may be unfavourable for cellulose  
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Fig. 3.2 DGGE profile of amplified 16SrDNA gene fragment with 968fGC and 1392r primers from the 
two- phased biohydrogen and biomethane tank sludge. The number above the column indicated the 
sampling date from each tank. TCW1 was the enriched sample of Clostridium sp. TCW1 fed with 
cellulose as a marker to monitor the specie along operation time. The samples in the dot block were taken 
before bioaugmentation.  
 
 
Utilization for Clostridum sp. TCW1. As for the biomethane tank, the pH value was always controlled 
above 7.5, and the hydraulic retention time was much longer than the biohydrogen tank. These factors 
improved cellulose conversion in the biomethane tank and help to enrich cellulolytic microbes like 
Clostridium sp. TCW1. That may be the reason why TCW1 was observed before TCW1 bioaugmentation 
in the biomethane tank.  
 
To sum up, TCW1 bioaugmentation was constrained by the unfavorable environment in the 
biohydrogen tank and Clostridium sp. TCW1-like species can be enriched in biomethane tank. Because of 
the indigenous Clostridium sp. TCW1-like species may have already played an important role on 
cellulose degradation in the biomethane tank, TCW1 bioaugmentation strategy can only slightly improve 
the cellulose conversion efficiency. 
 
 
4. Conclusions 
 
A 2-phased biohydrogen and biomethane process was constructed to evaluate the potential of hydrogen 
and methane recovery from vegetable-based kitchen waste and napiergrass. Vegetable-based kitchen 
waste and napiergrass contained complementary required nutrients for biohydrogenation and anaerobic 
digestion. However, hydrolysis of cellulosic material was rate-limiting and VSS reduction efficiency 
decreased along with the addition of napiergrass in the feed stock. Clostridium sp. TCW1 was introduced 
to enhance the utilization of napiergrass and longer hydraulic retention time was proved to be effective 
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for improvement of VSS reduction efficiency. The hydrogen production potential was increased 
drastically after the bioaugmentation with Clostridium sp. TCW1. DGGE fingerprint showed Clostridium 
sp. TCW1 can be retained in the biomethane reactor and facilitate further degradation of cellulose.  
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